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Abstract

The results of low-temperature X-ray determination, Mossbauer and magnetic measurement of spin-crossover (isothio-
cyanato)(pyridine)(porphinato)iron(IIl) hemipyridine are reported. The features in the 77 K Mossbauer spectrum include two

doublets, one with a quadrupole splitting (AEy) of 1.96 mm s~' (low-spin site) and the other with AE,=0.792 mm s~

1

(high-spin site). As the temperature of the sample is increased to 300 K, the signal intensity of the high-spin site grows to ~ 92%
at the expense of the low-spin signal. The variable-temperature magnetic susceptibility data also support the fact that the
tetraphenyl complex is a spin-crossover complex. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Characterization of the electronic structure of model
heme complexes is very important in fully understand-
ing the origin of electromagnetic properties, such as the
changing in spin states that occurs during biological
function of the heme proteins [1-7]. A heme enzyme of
(thiocyanato)methemoglobin, (NCS)MetHb), has been
shown to have unusual structural [§] and magnetic
characterization [9]. It has been suggested that the
anomalous magnetic property arises from a thermal
spin equilibrium (S=1/2, S=2/5); both human and
horse derivatives are about 60% high spin at room
temperature [9a]. Although the distribution of the high-
spin fraction between the o- and B-heme subunits is not
known with certainty, the distribution most consistent

Abbreviations: MetHb, methemoglobin; Np, porphinato nitrogen
atom; OEP, dianion of octaethylporphyrin; Py, pyridine; TPP, dian-
ion of meso-tetraphenylporphyrin.
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with crystallographic results is about 20% on the o-
heme and 100% on the B-heme [9].

Binding of small molecules has been frequently ex-
ploited in studies of hemoproteins and porphyrin
derivatives. These studies have focused particularly on
exploring O,, CO, NO, NCS—, and RCN ( R = alkyl or
aryl) ligation [7]. Drew et al. have determined the
structure of the five-coordinate thiocyanato-ligated
(porphinato)iron (III) complex, Fe(TPP)(NCS) (TPP,
dianion of meso-tetraphenylporphyrin) [10]. This com-
plex has an N-bonded linear Fe—NCS group. In the
case of (NCS)MetHb, the thiocyanate ligand is bound
to the iron of heme through the nitrogen atom but with
a distinctly nonlinear geometry (Fe—-N-C angle =
120 + 10°) [8]. Scheidt and co-workers have determined
the structure of the six-coordinate (isothio-
cyanato)(pyridine)(meso -tetraphenylporphinato)iron
(I11), Fe(TPP)(NCS)(Py), to determine the effects of the
presence of the sixth ligand on the mode of thiocyanate
binding [11].

The variation of the magnetic moments from 5.1 pg
at room temperature to 4.4 pz at 84 K for
Fe(TPP)(NCS)(Py) suggests that this complex exhibits
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spin-crossover behavior typical of a number of iron(IIT)
complexes [11a]. Scheidt et al. also reported the molecu-
lar stereochemistry of hemipyridine solvate (isothiocya-
nato)(pyridine)(meso-tetraphenylporphinato)iron-(III),
[Fe(TPP)(NCS)(Py)]1/2Py [l1b]. The structure of
[Fe(TPP)(NCS)(Py)]1/2Py is expected for a low-spin
(porphinato)iron(IIl) species with an average Fe—Np
(porphinato nitrogen atom) distance of 1.988(9) A,
Fe—N(Py) = 2.082(3) A, and Fe—N(NCS) = 1.942(4) A.
The Fe—-N-C-S group is partly bent with an Fe—N-C
angle of 155.6(3)°. The magnetic moment of
[Fe(TPP)(NCS)(Py)]1/2Py at 295 K is 3.67 pg, decreas-
ing to 3.04 py at 77 K with a smaller temperature
dependence. It is of interest that the magnetic moment
of [Fe(TPP)(NCS)(Py)]1/2Py at room temperature is
higher than that of the typical low-spin state (2.15-2.7
Hp)-

We report herein the characterization of
[Fe(TPP)(NCS)(Py)]1/2Py. This complex has been char-
acterized by variable-temperature °*’Fe Mossbauer,
magnetic measurement, EPR and low-temperature X-
ray determination.

2. Experimental
2.1. Material

The sample of [Fe(TPP)(NCS)(Py)]1/2Py, prepared
by the procedure of Scheidt et al., was obtained in
crystalline form [11b].

2.2. Physical methods

5’Fe Mossbauer measurements were made on a con-
stant-velocity instrument that has been previously de-

Table 1
Experimental and crystal data

Formula Cs,.sHss sFeNg sS
Formula weight 845.31
Crystal system Monoclinic
Space group P2,/n

a (A) 13.10(1)

b (A) 23.62(1)

¢ (A) 14.043(7)
p(©) 104.80(7)
Pealg (g Cm73) 1.334

v (A% 4201(5)

VA 4

u (mm~1) 0.45

2 (A) 0.70930

26 limits (°) 49.9

Max, min transmission coefficient 0.999, 0.744
Ry 0.081

Ry 0.108

Wi

scribed [12]. Computer fitting of the >’Fe Mossbauer
data to Lorentzian lines was carried out with a
modified version of a previously reported program [13].
Velocity calibrations were made using a 99.99% pure 10
pm iron foil. Typical line widths for all three pairs of
iron lines fell in the range 0.24-0.27 mm s~ '. Isomer
shifts are reported relative to the iron foil at 300 K but
are uncorrected for temperature dependence. It should
be noted that the isomer shifts illustrated in the Figures
are plotted as experimentally obtained. Tabulated data
are provided.

Variable-temperature (4.2—300 K) magnetic suscepti-
bility data were measured with the use of a Quantum
Design Squid MPMS susceptometer. The susceptome-
ter was operated at a magnetic field strength 10 kG.
Diamagnetic correction was estimated from Pascal’s
constants and applied to the calculated molar paramag-
netic susceptibilities. The wvalue of correction for
[Fe(TPP)(NCS)(Py)]1/2Py is —4.947x10-* cm?
mol ~ .

Electron paramagnetic resonance data (X-band) were
collected with a Bruker ER200D-SRC spectrometer.
The magnetic field was calibrated with a Bruker
ERO035N NMR gaussmeter. DPPH was used to gauge
the microwave frequency. A direct-immersion dewar,
which was inserted into the cavity, was use to obtain 77
K data.

2.3. Structure determination of
[Fe(TPP)(NCS)(Py)]1/2Py at 110 K

A black crystal (0.20 x 0.75 x 0.30 mm?) was used
for data collection at 110 K. Cell dimensions (obtained
from 25 reflections with 18.80° <26 < 23.72°) and
space group data were obtained by standard methods
on an Enraf—Nonius CAD4 diffractometer. The 6-26
scan technique was used to record the intensities for all
reflections for which 1° <260 <49.9°. Absorption cor-
rections were made with empirical ¢ rotation. Of the
7396 unique reflections, there were 4475 with F, >
2.00(F?), where o(F?) values were estimated from
counting statistics. These data were used in the final
refinement of the structural parameters. The X-ray
crystal data are summarized in Table 1.

A three-dimensional Patterson synthesis was used to
determine the heavy-atom positions, which phased the
data sufficiently well to permit location of the remain-
ing non-hydrogen atoms from Fourier synthesis. All
non-hydrogen atoms were refined anisotropically. Dur-
ing the final cycles of refinement, fixed hydrogen contri-
butions with C—H bond lengths fixed at 1.08 A were
applied. The selected bond distances and angles are
given in Table 2. Listings of the positional parameters,
completed bond distances and angles, and thermal
parameters are given as supplementary material (Sec-
tion 5).
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Table 2 .
Selected bond distances (A) and bond angles (°)

Bond distances

Fe N(1) 1.98(7) Fe N(2)
Fe - N(4) 1.967(7) Fe N(5)

S-C(30) 1.65(1) N(1)-C(3A)
NQ)-C(1A) 1.37(1) N(2)-C(2A)
N(3)-C(8A) 1.36(1) N@)-C(5A)
N(5)-C(25) 1.36(1) N(5)-C(29)

Bond angles

N(1)-Fe-N(2) 90.4(3) N(1)-Fe-N(3)
N(1)-Fe N(4) 89.9(3) N(1)-Fe N(5)
N(1)-Fe-N(6) 91.4(3) N(2)-Fe-N(3)
N(2)-Fe N(4) 179.4(3) N(2)-Fe N(5)
N(2)-Fe-N(6) 92.4(3) N(3)-Fe-N(4)
N(3)-Fe N(5) 90.3(3) N(3)-Fe N(6)
N(4)-Fe-N(5) 88.7(3) N(4)-Fe-N(6)

N(5)-Fe-N(6)
S-C(30)-N(6)

176.7(3)
179.009)

Fe-N(6)-C(30)

1.974(7) Fe-N(3) 1.970(7)
2.014(8) Fe-N(6) 1.917(9)
1.39(1) N(1)-C(4A) 1.38(1)
1.38(1) N(3)-C(7A) 1.40(1)
1.36(1) N(4)-C(6A) 1.37(1)
1.36(1) N(6)-C(30) 1.14(1)

178.33)
88.1(3)
89.6(3)
90.9(3)
90.1(3)
90.3(3)
88.1(3)
158.1(7)

3. Results and discussion
3.1. Molecular structure

The results of our crystallographic study at 110 K
show that [Fe(TPP)(NCS)(Py)]1/2Py crystallizes in the
monoclinic space group P2,/n. An ORTEP drawing of
the molecule is shown in Fig. 1, and selected bond
distances and angles are given in Table 2. A compari-
son of [Fe(TPP)(NCS)(Py)]l/2Py with other related
molecules was also made (Table 3).

The low-temperature X-ray structure determination
is similar to the previous 300 K X-ray structure deter-
mination [11b]. The average Fe—Np distance (1.973(7)
A) is shorter than the 1.988(9) A distance observed at
300 K. The axial Fe—-Np, and Fe-Nycs distances
(2.014(8) and 1.917(9) A, respectively) are also shorter
than the corresponding 2.082(3) and 1.942(4) A values
of the 300 K X-ray determination. The angle between
the two axial nitrogen ligands is nearly linear with
176.7(3)° (176.3(1)° at the 300 K determination). As
noted at the 300 K determination, the Fe—Nycg group
is non linear; the observed Fe—N-C angle (158.1(7)°) is
similar to the 155.6(3)° value for the 300 K determina-
tion. The N—C-S group is effectively linear with an
angle of 179.0(9)°. The pyridine ring orientation is also
similar in both cases and the angle (¢) between the
pyridine plane and the coordinate plane N;FeN;, is 39°.

As described in Section 1, we are particularly inter-
ested in the spin state of the iron. In general, the
Fe—Np and Fe—Npy distances can be used in determin-
ing the spin state of iron(III) porphyrinate. Scheidt et
al. reported [11b] that the coordination group bond
distance of [Fe(TPP)(NCS)(Py)]1/2Py at 300 K is con-
sistent with a low-spin iron(IIl) porphyrinate species.
At the 300 K determination, the average Fe—Np dis-
tance of 1.988(9) Ais essentially identical with the 1.990

A average value observed in eight other low-spin
iron(I1T) porphyrinates [7]. The axial Fe—Npy distance
(2.082(3) A) observed in [Fe(TPP)(NCS)(Py)]1/2Py is
similar to the 2.089(6) A in low-spin Fe(TPP)(N;)(Py)
[14], the 2.075(3) A value for Fe(TPP)(CN)(Py) [15],
and the 2.031(2) A value in the low-spin form of
[Fe(OEP)(3-CIPy),]CIO, (OEP, dianion of octaethyl-
porphyrin) [16]. All of these distances are considerably
smaller than the 2.316(5) A value for Fe—N(py) in the

Fig. 1. orTEP plot of [Fe(TPP)(Py)(NCS)]l/2Py at 110 K.
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Table 3
Comparison of the atomic distances and angles

Compound T (K) Spin state Fe-N, Fe-Np, Fe-Nycs Fe-N-C
[Fe(TPP)(NCS)(Py)]1/2Py * 300 1.988(9) 2.082(3) 1.942(4) 155.6(3)
[Fe(TPP)(NCS)(Py)]1/2Py ® 100 1.973(7) 2.014(8) 1.917(9) 158.1(7)
Fe(TPP)(N3)(Py) © LS 1.989(6) 2.089(6)
Fe(TPP)(CN)(Py) ¢ LS 1.970(3) 2.075(3)
[Fe(OEP)(3-ClPy),]CIO, © 98 LS 1.994(2) 2.031(2)

293 HS 2.316(5)

4 From Ref. [11b].

® Our work at 110 K.

¢ From Ref. [14].

4 From Ref. [15].

¢ From Ref. [16].

"HS, high-spin; LS, low-spin.

high-spin form of [Fe(OEP)(3-CIPy),]ClO,. In our 110
K determination, we find a decrease of the Fe—Np
(0.015 A shorter) and Fe—Npy (0.068 A shorter)
distances.

Our interest is aroused by the commonness in deter-
mining the spin state of the heme group by single-crys-
tal X-ray determination. Hence, we apply the
Mossbauer technique, magnetic measurement, and EPR
to further confirm the spin state. These measurements
are against the existence of a single low-spin
[Fe(TPP)(NCS)(Py)]1/2Py.

3.2. 57Fe Méssbauer characteristics

Because of their biological importance, iron por-
phyrin complexes have been studied extensively by >’Fe
Maossbauer spectroscopy. The Mossbauer spectra of
hemin, hemin salts, hematin, hemeglobin and its deriva-
tives, cytochrome, and catalase have been reported in
the literature [17]. The Mdossbauer spectra of
[Fe(TPP)(NCS)(Py)]1/2Py at 300 and 77 K are shown
in Fig. 2. The bold dots are experimental data and the
smooth line represents the best computer fit with
Lorentzian lines. The resulting fitting parameters are
shown in Table 4.

3’Fe Mossbauer spectra offer convincing evidence for
the presence of thermally induced spin-crossover. In
every known case of thermal equilibrium between two
spin states for either iron(Il) or iron(III) complexes,
Mossbauer spectra in the transition region show either
gross line broadening or two doublets (depending on
the spin relaxation times). The spectra of
[Fe(TPP)(NCS)(Py)]1/2Py were characterized by two
broad asymmetric doublets at 298 and 77 K. The
features in the 77 K spectrum include two doublets, one
with a quadrupole splitting (AEy) of 1.96 mm s—'
(low-spin site) and the other with AE,=0.79 mm s '
(high-spin site). The observed AE(, values are consistent
with those found for S=1/2 iron(Ill) porphyrins
(~1.6-23mm s~ ') and S = 5/2 complexes (~ 0.6—1.3

mm s~ !). As the temperature of the sample is increased
to 300 K, the signal intensity of the high-spin site grows
to 92% at the expense of the low-spin signal. Thus, the
pattern of two doublets and the changing of the relative
intensity at different temperatures are expected for a
spin-crossover complex.

In the spectra taken at 300 and 77 K, the less-intense
broadened peak lies on the higher-energy side and
corresponds to the =+ 1/2— + 3/2 nuclear transition if
the magnetic axis is parallel to the crystal field axis. An
explanation of the asymmetry and temperature depen-
dence of the Mossbauer spectra of hemin has been
given by Blume [18].

v/mm 71

Fig. 2. ’Fe Maossbauer spectra at 300 (top) and 77 K (bottom).
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Table 4
5’Fe Méssbauer data of [Fe(TPP)(NCS)(Py)]1/2Py

T (K) IS? AEG® I'° %9 Spin state ©

300 0.17 0.95 1.02, 0.71 91.9 HS

0.03 1.76 0.21, 0.32 8.1 LS
71 0.29 0.79 1.06, 0.60 59.0 HS
0.18 1.96 1.13, 0.64 41.0 LS

@ Isomer shift referenced to iron foil in mm s

® Quadrupole splitting in mm s—!,

¢Full width at half-height taken from the least-squares fitting
program. The width for the line at more positive velocity is listed first
for each doublet.

d Area ratio.

¢ HS, high-spin; LS, low-spin.

Table 5
EPR data
Compound TK) ¢
Fe(TPP)(NCS) 300 5.20, 2.00

77 5.20, 2.00
[Fe(TPP)(NCS)(Py)]1/2Py 300 5.15, 2.30, 2.00

77 5.45, 2.62, 2.35, 2.00, 1.48

L 1 1 ] 1 ] 1 1 1 1 1 Il ]

1000 2000 3000 4000 5000 6000
GAUSS

Fig. 3. EPR spectrum of [Fe(TPP)(Py)(NCS)]l/2Py at 77 K.
3.3. Electron paramagnetic resonance

As shown in Table 5, EPR has been used to estimate
the spin state of Fe(Ill) porphyrin. A simple theory for
the S=5/2 ground state would predict g, =6 and
g, = 2. Thus, the [Fe(TPP)(DMSO),]CIO, has an axial
EPR spectrum found to be typical of high-spin ferric
heme (g, = 6.09 and g, = 2.00) [19]. On the other hand,
the [Fe(TPP)(Im),,Cl has a rhombic EPR spectrum with
a much reduced g-tensor anisotropy (g, =2.873, g, =
2.292, and gy = 1.565) [20].

Further evidence for the presence of thermally in-
duced spin-crossover in [Fe(TPP)(NCS)(Py)]1/2Py,
comes from the 77 K EPR spectrum, which is remark-
ably well shaped (Fig. 3). It is a typical spin-crossover
EPR spectrum with g values of 5.45, 2.62, 2.35, 2.00,
and 1.48. The g values at 5.45 and 2.00 are attributed to

high-spin Fe(III) heme. Furthermore, the g values at
2.62, 2.35 and 1.48 are attributed to low-spin Fe(III)
heme.

3.4. Magnetic measurements

The variable-temperature magnetic susceptibilities
also support the fact that the tetraphenyl complex is a
spin-crossover complex. As shown in Fig. 4, the mag-
netic moment at room temperature is about 4.54 py and
decreases to about 3.96 p at 100 K. It is quite interest-
ing to find that the magnetic moment remains con-
stant between 100 and 8 K. In the case of
[Fe(TPP)(NCS)(Py)], which differs from the presently
reported hemipyridine solvate in having no solvate
molecule, Scheidt and co-worrkers also reported the
observation of constant magnetic moment between 84
and 25 K [11a]. It is reasonable to interpret this phe-
nomenon in terms of two magnetic sites: a high-spin
site and a spin-crossover site. The spin state of the
high-spin site (34%) is taken to be S =5/2 between 300
and 8 K, calculated from the magnetic data at 100 K.
The spin-crossover site (low spin at 100 K) must be
about 17% in the high-spin state and 49% in the
low-spin state at 300 K. As the temperature is de-
creased to 100 K, the spin-crossover site should be in a
low-spin state (66%). However, it is noticeable that the
ratio between the high-spin state and the low-spin state
calculated from magnetic data is different from the area
ratio of the high-spin state to the low-spin state in >’Fe
Mossbauer measurements. Here, we suggest that the
difference in the ratio of the high-spin state to the
low-spin state is a result of the difference in the recoil-
less fraction of the high-spin and low-spin states. In
STFe Mossbauer measurements, the recoilless fraction of
the high-spin state is not necessarily equal to the recoil-
less fraction of the low-spin state.

This two-site interpretation has been proposed for
the magnetic characterization of (thiocyanato)-
methemoglobin [8]. The hemes exit in a thermal spin
equilibrium; both human and horse derivatives are
about 60% high-spin at room temperature Although the
distribution of the high-spin fraction between o and B
subunits is not known with certainty, the distribution
must be consistent with crystallographic results of
about 20% on the a-heme and 100% on the B-heme.

4. Conclusions
Scheidt et al. reported that the coordination group
bond distances of [Fe(TPP)(NCS)(Py)]1/2Py at 300 K

were consistent with a low-spin iron(IIl) porphyrinate

! The fraction, o, in the high-spin state is calculated by u?=
a(ne)? + (1 — o) (1y5)% where u, = 5.9 and p, was taken to be 2.4 py
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Fig. 4. Variable-temperature (300—4.2 K) magnetic susceptibility and magnetic moment.

species [11b]. However, the >’Fe Mssbauer studies and
EPR measurements indicate the presence of thermally
induced spin-crossover. The temperature-dependent
(300-4.2 K) magnetic moments suggest that the best
explanation of the magnetism is given by a two-site
model. One site of the [Fe(TPP)(NCS)(Py)]l/2Py
molecule is a high-spin site between 300 and 8 K; the
second site undergoes a low-spin—high-spin thermal
equilibrium.

5. Supplementary material

Complete tables of positional parameters, bond
lengths and angles, and thermal parameters of
[Fe(TPP)(NCS)(Py)]1/2Py (10 pages) are available from
the authors. Crystallographic data (excluding structure
factors) for the structural analysis have been deposited
with the Cambridge Crystallographic Data Centre,
CCDC no. 138961. Copies of the data can be obtained
free of charge from The Director, CCDC, 12 Union
Rd., Cambridge CB2 1EX, UK (fax: + 44-1223-
336033; e-mail: deposit@ccdc.com.ac.uk or www: http:/
J/www.ccdc.cam.ac.uk).
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